Polysaccharides are ubiquitous in animals and plant cells where they play a significant role in a number of physiological situations e.g. hydration, mechanical properties of cell walls and ionic regulation. This review concentrates on heparin-like entities from marine procaryotes and eukaryotes. Carbohydrates from marine prokaryotes offer a significant structural chemodiversity with novel material and biological properties. Cyanobacteria are Gram-negative photosynthetic prokaryotes considered as a rich source of novel molecules, and marine bacteria are a rich source of polysaccharides with novel structures, which may be a good starting point from which to synthesise heparinoid molecules. For example, some sulphated polysaccharides have been isolated from gamma-proteobacteria such as Alteromonas and Pseudoalteromonas sp. In contrast to marine bacteria, all marine algae contain sulphated wall polysaccharides, whereas such polymers are not found in terrestrial plants. In their native form, or after chemical modifications, a range of polysaccharides isolated from marine organisms have been described that have anticoagulant, antithrombotic, anti-tumour, anti-proliferative, anti-viral or anti-inflammatory activities.
Spirulina
Spirulan, existing as a ionic form (calcium or sodium), is a sulphated polysaccharide isolated from Arthrospira platensis (formely Spirulina platensis) and consisting of two types of disaccharide repeating units, [→3)-α-L-Rha(1→2)-α-L-Aco-(1→] where Aco (acofriose) is 3-O-methyl-Rha with sulphate groups and O-hexuronosyl-rhamnose. It also contains trace amounts of xylose, glucuronic acid and galacturonic acid [7] . Its molecular weight is about 200000 and bears from 5 to 20 % sulphate depending on the source [8, 9] .
Spirulan and spirulan-like substances have been widely studied for anti-viral activity without any cytotoxic effects [10, 11] .
The ultrafiltrated spirulan is endowed with an anticoagulant activity, only 5-times lower than standard unfractionated heparin in the APTT and TT assays [9] . Calcium spirulan also exhibits antithrombin activity by activation of heparin cofactor II, an inhibitor of thrombin, thus by a mechanism that is different from that of heparin [12, 13] . In 2007, Lee et al suggested that sodium spirulan might have beneficial effects as an anticoagulant agent on the blood coagulation fibrinolytic system [14] . This biological effect is dependent on molecular weight and/or sulphate content. Sodium spirulan can function as precursors of the agents that prevent atherosclerosis by inhibiting the proliferation of the arterial smooth muscle cells, as heparin for which the effect is not dependent on the anticoagulant activity, without exhibiting any toxic effects on the vascular endothelial cell layers [15] . Replacement of the sodium ion with calcium one generally maintains the biological activities of spirulan. However, removal of the ion or desulphation reduces the activities ; thus, the effect on the prevention of atherosclerosis requires a molecular mass of 14,700 or more, sulphate group and sodium or calcium ion [15] .
Other cyanobacteria
Cyanobacteria of the genera Aphanocapsa, Cyanothece, Gloeothece, Synechocystis, Phormidium, Anabaena and Nostoc are able to produce sulphated polysaccharides containing uronic acids [5, 6] . Applications of cyanobacterial polysaccharides have been poorly investigated in the biomedical field except as antiviral agents [10, 14, 16] 2
Heparin-like Entities from Marine Bacteria
A number of microbial extracellular polysaccharides are produced on an industrial scale. For a review, you can see the book edited by Rehm in 2009 [17] . Xanthan (from Xanthomonas campestris), gellan (Sphingomonas paucimobilis) are widely used in food applications. Other well-known polysaccharides produced by bacteria, all non marine, include cellulose, dextran, curdlan, alginates, succinoglycans, hyaluronic acid [18] [19] [20] . Although no microbial strain produces heparin, a strain of Escherichia coli serotype K5 does form a capsular polysaccharide in which the disaccharide repeat unit is essentially a form of desulphatoheparin or N-acetyl heparosan [21] . Chitin, the most abundant marine polysaccharide, has been extensively studied, itself or its derivative (chitosan), for its biomedical applications in particular as blood anticoagulant after chemical sulphation [22] [23] [24] . It is widely distributed in crustaceans, insects, fungi, and yeast but it is not produced by prokaryotes and is therefore not within the scope of this chapter. In the course of the discovery of novel polysaccharides of biotechnological interest, marine environment and especially, deep-sea hydrothermal vents offer a relevant source of a variety of new microorganisms and innovant polysaccharides.
2.1
The marine biodiversity
The marine environment covers more than 70% of the earth's surface, that is 361 millions km 2 for an average depth of 3800 m. Therefore, it represents a large reservoir of micro-organisms [25] . Still the marine biodiversity is a largely underexplored field [26] offering great opportunities in terms of chimiodiversity [27] . This makes marine microorganisms an attractive area for the search of new biomolecules.
A great variety of habitats exists all over the ocean, depending on environmental conditions such as water temperature, pressure and organic and mineral composition. The deep sea is the largest habitat on earth, but it is also the most difficult environment in which to survive because of the extreme conditions. Deep-sea environments are characterized by low temperature (1-2°C), high pressure (1MPa more every 100m), high-salt and low-nutrient conditions. They were once considered as a biological desert.
In contrast, deep-sea hydrothermal vents, which represent only a small portion of the whole ocean, are real "oases". They were discovered on oceanic geologic ridge such as those of the Galapagos and the Pacific East (2500 m of depth) as well as the mid-atlantic ridge but also at the level of the oceanic basins where appear tectonic activities e.g. the Guaymas (-2000 m) and the North-Fijian (-2000 m) basins. Because of the high temperature of the salt water in the contact of the magma, waters which go out of these hydrothermal springs are extremely mineralised ; insoluble metal salts form chimneys called smokers. The stream which goes out can border 350°C while some centimeters farther, the temperature of the water is close to 2°C. These ecosytems are characterized by the development, around the smokers, of a dense population of invertebrates based on heterotrophic and autotrophic bacterial communities. Micro-organisms exist as free in the water column or as colonizing animal and mineral surfaces.
It has been postulated that life on Earth originated at a deep sea vent [28, 29] . From the marine hydrothermal springs were isolated the micro-organisms among which the phylogeny and the metabolisms can be new and very diverse (Brittany Culture Collection : http://www.ifremer.fr/souchotheque). The number ceaselessly increasing of these newly described micro-organisms as well as the evidence, by molecular analytical methods, of new phyla of not cultured micro-organisms show the archae and bacterial diversity in the deep oceanic environments [30] . These bacteria arouse a big biotechnological interest for the isolation of biomolecules because of the particular properties of their cellular machinery. In a metagenomic studies review, Siezen and Wilson [31] report that deep-sea microbial communities are enriched in genes, among others, encoding polysaccharide biosynthesis. Most of the sequenced culturable micro-organisms from the deep-sea excluding hydrothermal vents are Alteromonadales from the Gammaproteobacteria [31] . Among mesophilic strains from deep-sea hydrothermal vents, Ifremer teams have also isolated mainly Alteromonadales in particular Alteromonas and Pseudoalteromonas genus [32, 33] and a Vibrio strain, Vibrio which are also widely distributed in marine environments [34] .
From these microbial taxonomic groups, glycopolymers biosynthesis has been brought to light. Bacterial polysaccharides (PS) are either presents in the cellular wall as essential constituent of lipopolysaccharides (LPS), or as capsular material (CPS) that closely surrounds the producing microbial cell and bound outside of the cell or as material that is released more widely into the surrounding environment as a dispersed slime as exopolysaccharide (EPS) [35] . Their role has been reviewed by Mancuso Nichols et al [36] . They play an important role in the interaction between bacteria and their environment, participating in the cellular attachment and adhesion to surfaces, increasing survival compared with growth in an unattached state. Polysaccharides form a layer that protects cells against toxic compounds or against digestion by other organisms. PS may also prevent cell from desiccation or damage. The ultrastructural network protects cells and facilitates cellular interactions. Polysaccharides from marine bacteria, living in extreme conditions, usually show peculiar chemical features as a consequence of their adaptation to their environment.
Molecules produced by bacteria have the advantage not to depend on climatic and ecological conditions or on seasonal physiological variations which can affect their plant counterparts. Large amounts of the starting polymer can be obtained by biotechnological methods.
2.2
Sulphated polysaccharides are produced by some marine bacteria
Various animal glycosaminoglycans exhibit powerful blood anticoagulant activity. Anti-coagulant activities of polysaccharides have been described to depend mainly on the sulphate groups present within the molecule even if some other structural characteristics such as the polyanionic feature or the molecular weight modulate the biological activity [37] .
Although no marine micro-organism produces heparin, some of them synthesizes polysaccharides sometimes sulphated with neutral or hexosamine sugar and uronic acids. Most of the EPS-producing marine bacteria belong to the genus Vibrio, Flavobacterium, Pseudomonas, and Alteromonas or Pseudoalteromonas [38] . Although common in animal cells, sulphated carbohydrates are rare in prokaryotes, having been reported so far in rhizobia i.e. Sinorhizobium meliloti [39] or Mesorhizobium loti [40] as well as Azospirillum brasilense Sp7 [41] , Mycobacterium [42] . As far as marine bacteria are concerned, sulphated polysaccharides have been described in Pseudomonas species [43] and in some marine Alteromonas strains or Pseudoalteromonas species [44] [45] [46] . This Alteromonadaceae family seems rich in sulphated EPSs. However, Ivanova et al [47] , Nazarenko et al [48] , Zubkov et al [49] , Perepelov et al [50] and Saravanan and Jayachandran [51] have described polysaccharides of some marine Alteromonas or Pseudoalteromonas species composed of different neutral sugars as well as hexosamine and uronic acid residues but there was no evidence of sulphate groups. Some of these polysaccharides contain novel sugar residues emphasizing the chimiodiversity of marine micro-organisms [49, 50] . The diversity of the structures of polysaccharides from Pseudoalteromonas and Shewanella sp. both belonging to the Alteromonadaceae family has been reviewed by Nazarenko et al [52] . Some sulphates have also been detected in Marinobacter sp. extracellular polymeric substances but there is no evidence of the sulphated status of the polysaccharides which compose these exopolymeric substances [53] even if sulphated polysaccharide has also been described in a Marinobacter strain [38] .
Our studies of numerous isolates from deep-sea hydrothermal vents revealed a few polymers with interesting properties. They are high molecular weight carbohydrate polymers, either linear [34, 54] or highly branched [44, 45, 55] . Most of them have high uronic acid content, and bear different substituing groups (sulphate, pyruvate, lactate) [56, 57] . Pseudoalteromonas Strain HYD721, Alteromonas infernus [33] and Alteromonas macleodii subsp. fijiensis biovar deepsane [58] can produce sulphated polysaccharides (HYD721, GY785 and HYD657 respectively) ( Figure 1 ) [44, 45] . GY785 is a water soluble acidic heteropolysaccharide composed of glucose, galactose, glucuronic and galacturonic acids (1:1:0.7:0.4) and 3% (w/w) sulfur content corresponding to 9% sulphate groups [45] . The structure of polysaccharide HYD657 has not been elucidated yet and is currently in progress in Ifremer but sulphate content determination has shown a level of 9% sulphate (w/w).
EPS composed of neutral sugar, hexosamine and or uronic acid residues have also been described in Vibrio strains such as V. harveyi [38] , V. diabolicus [59] , V. furnissii [60] , V. alginolyticus [61] . They do not bear any sulphate groups but their structure may show some homology with glycosaminoglycans especially hyaluronic acid ( Figure 2 ). The first species of Vibrio to be isolated from a vent sample was a mesophile that secretes an innovative EPS of potential medical interest for its chemical resemblance to heparin. The EPS HE800 secreted by Vibrio diabolicus has a linear repetitive unit constituted by four residues : two of glucuronic acid, one N-acetyl-glucosamine and one N-acetyl-galactosamine. It is a structural analogue of heparan sulphate or heparin with the succession of glucuronic acid and hexosamine residues ; however, it does not have sulphate groups. Its molecular weight is about 10 6 g mol -1 and varies from one production lot to another [34, 54] . 
Native polysaccharides are bioactive
Only a few of marine bacterial polysaccharides having GAG-like biological activities have been reported. Native EPS exhibit interesting biological activities such as efficient bonehealing material for HE800. This EPS secreted by Vibrio diabolicus was evaluated on the restoration of bone integrity in experimental animal model and was demonstrated to be a strong bone-healing material without inducing any inflammatory reaction. Moreover the new bone was histologically normal and the new vascularization was significant [62] [63] [64] . However, high molecular weight polysaccharides even if they bear sulphate do not present anticoagulant properties like heparin [65] . Thus these high molecular weight polysaccharides could function as a material for the regeneration of a wide variety of tissues for both wound care and the regeneration of damaged or diseased organs. Another Vibrio polysaccharide has been shown to have antitumor activity [66] .
Polysaccharides may be modified to obtain heparin-like entities
Many polysaccharides exhibit useful properties when they undergo structural modifications. Owing to this, they may find varied applications in the food, pharmaceutical and other industries. Structural derivatives of extracellular polymers (EPS) with unusual structures produced by marine bacteria isolated from hydrothermal deep-sea vents have been prepared by chemical modifications to design compounds with better activity and specificity. Marine polysaccharides are suitable as starting materials to synthesize heparin-like drugs and sulphated or over-sulphated derivatives have been prepared. Modification processes giving GAG-mimes (semi-synthetic sulphated polysaccharides) are up to now chemical : acid hydrolysis [67] , radical depolymerisation [68] , N-deacetylation with sodium hydroxyde [69] , sulphation [70] .
Heparin-like derivatives was obtained from chemical modifications of the native GY785 EPS secreted by Alteromonas infernus [65] . This EPS is naturally sulphated (9% sulphate groups w/w). After its chemical over-sulphation, only the free OH groups can bear a sulphate group. Two depolymerization processes were used to obtain homogeneous LMW and over-sulphated derivatives (20-30 10 3 g/mol and sulphate content 20-40%). The compounds generated by radical process were more homogeneous than those obtained by acid hydrolysis with respect to molecular mass. The derivatives obtained after over-sulphation and depolymerisation were compared to heparin, anticoagulant activity was detected in oversulphated derivatives, but not in the native EPS. The free radical depolymerised and oversulphated derivative inhibited thrombin generation in both contact-activated and thromboplastin-activated plasma, showing a prolonged lag phase only in the contact-activated assay. Affinity co-electrophoresis studies suggested that a single population of polysaccharide chains binds to antithrombin and that only a subpopulation strongly interacts with heparin cofactor. The preparation of new heparinoids or heparin-like entities from other EPS secreted by strains isolated from deep-sea vents have been undertaken. These LMW over-sulphated derivatives presenting differences in structural features were endowed with original anticoagulant properties compared to heparin. They presented a lower anticoagulant activity than heparin so could be promising new antithrombotic drugs without major bleeding risk [71] .
Heparin-like Entities from marine Eukaryotes
All marine algae contain sulphated wall polysaccharides, whereas such polymers are not in terrestrial plants. The proportion of highly acidic polysaccharides is greater in the outer regions of the cell wall and in the outer cellular layers of the thallus. Heparin-like entities, with biological properties similar to heparin rather than similarity of stucture, extracted from marine algae have been well described for the last 60 years. Sulphated polysaccharides from the three major divisions of marine algae Rhodophyta, Phaeophyta and Chlorophyta have been studied to explore their potential as a cheap and safe source of a new type of heparinoids or heparin-like entities. Among the numerous studied algal polysaccharides, the fucoidans, a minor matrix component in brown algae − the byproducts of alginate production in food and cosmetic industries −, can be considered as the "marine heparin". This algal sulphated polysaccharide family with complex, heterogeneous structures shares a lot of biological properties with heparin, especially low molecular weight homogeneous fucoidan preparations. The LMW fucoidan with a high arterial antithrombotic activity presents both low anticoagulant effect and haemorrhagic risk, this compound is a promising antithrombotic drug which could be of interest in preventing restenosis or potentiating neovascularization of ischaemic areas.
Heparin-like Entities from Macroalgae
Algal sulphated polysaccharides are complex and high molecular mass molecules (molecular mass ranges between 10 5 and >10 6 ) with no clear evidence of repeating units in their structure. These anionic macromolecules are essentially found in three major divisions of marine algae : Rhodophyta (red algae), Phaeophyta (brown algae) and Chlorophyta (green algae). The sulphated polysaccharides extracted from red algae are galactans consisting entirely of galactose units (carrageenans and agars), they are mainly linear sulphated homopolysaccharides. The sulphated polysaccharides found in brown algae are more complex, they are highly branched heteropolysaccharides. According to the species of brown algae, the sulphated polysaccharides are more or less complex and often described in three groups. A first group, fucoidans or homofucans, is highly branched and primarily composed of L-fucose units with small contents in D-xylose, D-galactose, D-mannose and uronic acid units. A second group, ascophyllans, are xylofucoglycuronans with large proportions of Dxylose and uronic residues. The third group contains glycuronogalactofucans or glycuronofucogalactans in which galactose becomes preponderant over fucose and uronic acid units. Often fucoidan fractions contain a small amount of proteins, probably covalently attached, and suggesting that the brown algal sulphated polysaccharides exist in vivo as proteoglycans. The sulphated polysaccharides in Chlorophyta are highly branched heteropolysaccharides made up of D-xylose, L-rhamnose, galactose and glucuronic acid with three main groups glucuronoxylorhamnans, glucuronoxylorhamnogalactans and xyloarabinogalactans. Some of the green algal sulphated polysaccharides are found covalently attached to a protein and they are characterized as proteoglycans [1] [2] [3] .
Galactan family from Rhodophyceae
The composition and structure of the sulphated galactans found in Rhodophyta vary according to the algal genus; they are known commercially such as agar and carrageenan. Galactans are usually extracted for food application (e.g. jelly candies and canned meats for agars and frozen dessert stabilizers for carrageenans) and industrial applications such as important life science applications (e.g. chromatography and microbial and cell cuture media for agars and agaroses derived from agars). Sulphated polysaccharides from red algae have been well described by many workers for their antiviral activities towards viruses responsible for human infection diseases [4] [5] [6] [7] . However over 40 species of red algae have been also studied for their anticoagulant activities. A considerable structural variation in the red agal sulphated galactans occurs among different species from different environments. Consequently it is often very difficult to class them as agar-type or carrageenan-type.
The agars are mainly extracted from Gelidium, Gracilaria, Pterocladia, Gracilariopsis and Porphyra. They are low sulphated galactans (from 2% to 5 % of sulphate groups) and the disaccharidic repeating unit is a 1,4-linked α-D-galactose and 3,6-anhydro-α-L-galactose (agarobiose). Consequently very few studies on biological activities and especially anticoagulant properties of native agars are described due to their low sulphate content.
A sulphated galactan from Gelidium crinale was studied by Pereira et al. According to its algal origin, this sulphated galactan can be considered as agar, it shows a very heterogeneous sulphation pattern and presents a very low anticoagulant activity (65 IU/mg compared with a heparin standard found at 180 IU/mg in the APTT clotting assays). This low anticoagulant activity is probably due to its low proportion of sulphate groups more than their distribution on the osidic backbone [8] .
Carrageenans mainly extracted from Chondrus, Gigartina, Euchema and Hypnea are highly sulphated galactans (from 20 to 40% of sulphate groups). Carrageenans are divided into 3 groups with regard to differences of solubility and also the content and the position of sulphate groups on the galactose unit. The kappa-and iota-carrageenans have a disaccharidic repeating unit alterning 1,3-linked α-D-galactose and 1,4 linked 3,6-anhydro-β-D-galactose (carrabiose) substituted with varying positions and percentages of sulphate groups. For kappa, the galactose unit is 4-sulphated (25 % of sulphate groups) and for iota, the galactose unit is also 4-sulphated as well as the 3,6-anhydrogalactose unit is 2-sulphated (32 % of sulphate groups). The lambda-carrrageenan disaccharidic repeating unit is composed of alterning 2-sulphated 1,3 linked α-D-galactose and 2,6 disulphated 1,4-linked β-D-galactose (35 % of sulphate groups). Among the different groups of carrageenans, the lambda is the most hydrosoluble. Contrary to the kappa-and iota-, the lambda-carrageenan is a non-gelling polysaccharide and presents a proportion of sulphate groups close to that found in glycosaminoglycans. The lambda-carrageenan is described as more toxic than the kappa-but this toxicity seems dependent of the molecular weight.
In 1962, Hawkins and Leonard decided to study carefully the anticoagulant activities of the lambda-and kappa-types of carrageenins or carrageenans extracted from Chondrus crispus with the intention to clarify the previous studies [9] . Both in vitro and in vivo assays were performed. For the in vivo effect, the products were administered intravenously into dogs at different doses and blood collected at different times after the injection (from 0.5 to 2 hours). At 5 mg/kg of lambda-carrageenan and 0.5 mg/kg of heparin, the same prolongations in both clotting times and thrombin times were observed ½ hour after the injection. Kappacarrageenan had no effect. In vitro anticoagulant assays performed in human and dog plasma showed a same effect for lambda-carrageenin and heparin in thrombin time at 10 µg/mL and 1 µg/mL, respectively. So this study showed as with heparin, an antithrombic property of the lambda-carrageenan 10fold lower than heparin. In 1965, Anderson and Duncan confirmed by in vivo experiments in the rabbit and in vitro assays (prothrombin time and thrombin time) that the lambda-carrageenan is more anticoagulant than the corresponding kappa-carrageenan. The lambda-carrageenan is also more toxic than the kappa-carrageenan [10] .
Guven et al in 1991, compared different carrageenan-types extracted from Grateloupia dichotoma; the highest anticoagulant activity measured in vitro by clotting assays was found with lambda-type [11] .
Carlucci et al in 1997, described both antiviral and anticoagulant activities of carrageenans extracted from Gigartina skottsbergii [12] . Both the kappa-and lambda-types have a high molecular weight (10 5 ). The lambda-type has a higher content of sulphate groups (40 %) than the kappa-type (30%). These compounds were not toxic and their anticoagulant activities were determined in vitro by the thrombin time (TT). The kappa-and lambdacarrageenans can prolong the TT. The concentrations required to double the control time (15.6 s.) were around 5 µg/ml for the lambda-type and 200 µg/ml for the kappa-type. The lambdatype presents the highest anticoagulant effect and at 50 µg/ml the TT is above 180 s. A recent publication described also the anticoagulant activity of a native lambda-carrageenan extracted from Tichocarpus crinitus [13] . The anticoagulant activity of the non-gelling fraction was measured in vitro using the activated partial thromboplastin time (APTT). At 100 µg/ml, the APTT was prolonged and the coagulation time measured at 343 s. (58.7 s. for the control time).
Some groups decided to obtain homogeneous low molecular fractions in order to isolate a better characterised product and improve its specificity. The group of Yamada in 1997 modified chemically carrageenans in order to obtained lower molecular weight fractions and tested their in vitro anticoagulant activity using the APTT. The native lambda-type is more anticoagulant than the kappa-and iota-types and a decrease of the anticoagulant activity was observed with the decrease of the molecular weight. The oversulphation of the depolymerised carrageenans can increase or maintain the anticoagulant activity [14] . Opoku et al showed that the chemical oversulphation of a kappa-carrageenan can increase its anticoagulant activity (30-fold) but the oversulphated kappa-carrageenan was 10-fold less effective than unfractionated heparin with the same percentage of sulphate as heparin [15] .
The mechanism of anticoagulant activity of carrageenans has been described, the carrageenans inhibit thrombin through the catalysis of antithrombin [2] .
The anticoagulant activity of a low molecular weight fraction obtained by free radical depolymerisation of the sulphated galactan extracted from Schizymenia binderi was studied by Zuniga et al in 2006 [16] . In this study, the very low molecular weight (LMW) fraction (MW 8,500 ; sulphate 25% and a mixture of agaran and carrageenan) was less active than the corresponding native polysaccharide, its chemical sulphation increased the activity. In thrombin time, the concentrations required to observe the same prolongation were 1.5 µg/ml of heparin, 50 µg/mL of native polysaccharide, 150 µg/mL of LMW fraction and 50 µg/mL of oversulphated LMW fraction. Pushpamali et al attempted to hydrolyse a sulphated polysaccharide from the red seaweed Lomentaria catenata by fermentation of seaweeds. After fermentation, the molecular weight of the sulphated polysaccharides remains high (from 10 5 to 5x10 5 ) and its sulphate content is close to 22 % [17] . Recently the Mourao's group performed an extensive study on the anticoagulant and antithrombotic properties of algal sulphated galactans from the red alga Botryocladia occidentalis [18, 19] . The analysis of the native product showed an unusual dual effect in rat model of venous thrombosis. In order to avoid this dual effect, low molecular weight derivatives were prepared by acid hydrolysis. A very low molecular weight fraction (MW 5x10
3 ) lost this dual effect and its effect was similar to unfractionated heparin (UFH) in venous thrombosis with very weak anticoagulant effect. This product had little activity in arterial thrombosis in rat. This study demonstrates that better specific effect or dose-related effect can be obtained by the preparation of LMW derivatives from heterogeneous products.
Fucoidan family from Phaeophyceae
Fucoidan, first described by Kilin in 1913, was originally a member of the sulphated polysaccharides found in Phaeophyceae for which the general name of fucans was given and including a family of compound as fucoidin, fucoidan, ascophyllan, sargassan and glucuronoxylofucan. Fucoidan is a highly sulphated polysaccharide (30-40%) as heparin but contrary to heparin, fucoidan neither contains N-acetylated nor N-sulphated groups. Fucoidan is primarily composed of 4-sulphated 1,2-linked α-L-fucose with branching or sulphate group at position 3. The biological activities of fucoidan depend on the structure of the starting material, the purification process, its structural heterogeneity and molecular mass dispersion. Fucoidan have a wide spectrum of activity in biological systems [21] .
Anticoagulant activity (or antithrombin activity).
In 1941 and 1957, the anticoagulant activity of heterogeneous extracts rich in fucoidan were reported by Kimura et al and Springer et al, respectively [22, 23] . Then different extracts more or less purified from brown algae presenting variable molecular mass have been studied for their biological activities. In 1985, Deaconsmith et al studied heterogeneous algal extracts from different genera of Phaeophyceae (Laminaria, Fucus, Ascophyllum …). inhibiting effect on the thrombin time performed with plasma and also pure fibrinogen and suggested an immediate inhibition of thrombin activity [24] . In 1989, different research teams published the anticoagulant activity of fucose-containing sulphated polysaccharides from various brown algae. First, Nishino et al isolated different sulphated polysaccharidic fractions obtained first by hot-water extraction from Ecklonia kurome followed by successive fractionation steps using anion-exchange and gel filtration chromatographies. A low molecular weight (21,000 g/mol) homogeneous fraction was obtained, it contains mainly fucose units and ester-sulphate groups. This highly purified fucoidan possessed a high anticoagulant activity especially in APTT and no anti-factor Xa activity was detected [25] . Then, Grauffel et al prepared a relatively LMW fucan fraction (50,000 g/mol) from different species (Pelvetia canaliculata, Fucus vesiculosus, Laminaria digitata, Sargassum muticum and Ascophyllum nodosum) and investigated the anticoagulation mechanism by checking the involvement of the antithrombin III (AT III) or other plasma inhibitors [26] . According to the species, the anticoagulant activity was found very related to chemical composition and extraction conditions. Direct interaction between fucan and thrombin seems largely responsible for the kinetic effect of thrombin inactivation but inactivation of thrombin was accelerated when LMW fucan fraction was incubated with AT III (the predominant inhibitor of thrombin in plasma). This kinetic effect of thrombin inactivation by AT III was less important with fucoidan than with heparin. No neutralization of factor Xa was observed in the presence of this fucan fraction. Finally, Church et al studied the interaction of fucoidan with heparin cofactor II (HC II), AT III and thrombin using a commercial heterogeneous HMW fucoidan extracted from Fucus vesiculosus (100,000 g/mol) [27] . He showed that the antithrombin action of fucoidan (ex vivo in a plasma system) is mediated through HC II and not through AT III and this correlates well with the antithrombin effect of fucoidan observed in vitro.
In 1991, Colliec et al confirmed these results using a homogeneous LMW fucoidan extracted from Pelvetia canaliculata (20,000 g/mol) [28] . This LMW fucoidan was anticoagulant in vitro and as potent on the prolongation of APTT and TT as heparin, with a concentration of 50 times higher (on a weight to weight basis). Fucoidan was a weak inhibitor of thrombin generation (100 times lower than heparin). By comparison to Chrurch's data (using a HMW fucoidan) [27], Colliec et al found roughly a same enhancement on the rate of thrombin inhibition by HC II (1.5 10 8 M -1 min -1 and 3.8 10 8 M -1 min -1 with 10 µg/mL of HMW fucoidan and LMW fucoidan, respectively) but a stronger inhibition mediated by AT III (3 10 8 M -1 min -1 with 10 µg/mL of LMW fucoidan and 5.7 10 7 M -1 min -1 with 30 µg/mL of HMW fucoidan). On the other hand, Church et al observed a weak factor Xa inhibition by AT III in the presence of the HMW fucoidan at very high concentration (500 µg/mL), while at this high concentration the LMW fucoidan is not able to produce noticeable inhibition. In conclusion, this LMW fucoidan exerts its anticoagulant activity by enhancing thrombin inhibition in the presence of either AT III or HC II. Among the known anticoagulant sulphated polysaccharides, this LMW fucoidan appears to be the only one, as potent on the formation of an AT III-thrombin complex, as of an HC II-thrombin complex. In fact, heparin requires much higher concentrations to enhance the activity of HC II than the one of AT III. On the contrary, pentosan polysulphate and dermatan sulphate are mainly active via an HC II pathway. Moreover, the absence of factor Xa inactivation by this LMW fucoidan, correlated with its low viscosity (compared to HMW fucoidan) and its high thrombin inactivation, could be an important feature for further clinical use, according to some studies. Indeed, it has been demonstrated that LMW heparin fragments, with high factor Xa inhibition and negligible thrombin inhibition activity, are poor antithrombotic agents.
The same year, Nishino et al showed the relationship between both molecular weight and sulphate content of fucoidan and its antithrombin effect. Its antithrombin activity in the presence of HC II was improved with increase in its molecular weight and reduced with decrease in its sulphate content [29] .
In 1992 and 1993, Soeda et al reported that fucoidan in vitro stimulated tissue plasminogen activator (t-PA) catalysed plasminogen activation and prevented the formation of fibrin polymer according to its degree of sulphation [30, 31] . And they also reported that the in vitro abilities of oversulphated fucoidan to stimulate t-PA catalysed plasminogen activation and to potentiate thrombin inhibition by AT III or HC II decreased with a decrease in its molecular size. And for the first time, the therapeutic benefit of fucoidan for the prevention of thrombus formation in hyperlipemia was described in an animal model (endotoxin-induced hepatic vein thrombosis in the hyperlipemic rat model).
Antithrombotic activity.
Then after this Soeda's publication, the antithrombotic activity of fucoidan has been widely described in different animal models. In 1995, Mauray et al showed the venous antithrombotic and anticoagulant activities of a homogeneous LMW fucoidan extracted from Ascophyllum nodosum (20,000 g/mol) [32] . In a Wessler model of venous thrombosis, the LMW fucoidan injected intravenously to rabbits exhibited antithrombotic activity and the dose which inhibited 80% of mean thrombus weight (ED 80 ) was 1.8 mg/kg, compared to a heparin ED 80 of 0.1 mg/kg. At this ED 80 , the antithrombotic effect of the LMW fucoidan persisted longer than that of heparin (30 min versus 15 min) but the ex vivo measured anticoagulant effect was related to an haemorrhagic risk. In 1999, Millet et al reported the antithrombotic and anticoagulant activities of a very LMW fucoidan from Ascophyllum nodosum (8,000 g/mol) by subcutaneous route [33] . In Wessler model, this LMW fucoidan exhibited doserelated venous antithrombotic activity, with an ED80 of about 20 mg/kg, two hours after a single subcutaneous injection. At the same antithrombotic activity, LMW fucoidan exhibited a lower effect on ex vivo coagulation tests, and a lower prolongation of the bleeding time than the LMW heparin (dalteparin), which corresponded to a weaker haemorrhagic effect.
Then, Colliec-Jouault et al [34] showed that LMW fucoidan (injected intravenously or subcutaneously) exhibited arterial antithrombotic properties in rabbit and rat at the same doses than in a venous thrombosis model (1.8-2 mg/kg intravenous and 10-20 mg/kg subcutaneous). In the same arterial thrombosis models, both unfractionated heparin and LMW heparin have to be used at higher doses than in the Wessler venous thombosis model. Thus, the anticoagulant effect, the prolongation of the bleeding time and the haemorrhagic risk are much more pronounced, in these arterial thrombosis models, with heparins than with fucoidan. These results were confirmed recently by Durand, Helley et al in a rabbit model of arterial thrombosis [35] . Thrombosis was induced in femoral arteries by in situ induction of endothelial apoptosis and the animals treated by subcutaneous injection of 15mg/kg of LMW fucoidan from Ascophyllum nodosum (8,000 g/mol) and 2.5 mg/kg of LMW heparin (enoxaparin). LMW fucoidan appeared to be more effective than LMW heparin for preventing arterial thrombosis in this experimental model. LMW fucoidan also had lower haemorrhagic risk than LMW heparin. The plasma concentration of tissue factor pathway inhibitor (TFPI) was significantly increased after LMW fucoidan injection, whereas no change was observed after LMW heparin treatment.
This effect on TFPI was previously described for heparin, and by Girault et al for fucoidan; actually they showed that fucoidan induces TFPI release from cultured human umbilical vein endothelial cells, which may contribute to its antithrombotic effect [36] . In summary, the antithrombotic effect of LMW fucoidan may in part be explained by the observed effect on the tissue factor pathway. Previously, Tholarius et al reported that a heterogeneous HMW fucoidan prevented microvascular thrombus formation induced by endothelial damage in arterioles and venules in vivo. This protective effect of fucoidan is not attributable to inhbition of P-and L-selectin function but may instead be related to the anticoagulant capacity of fucoidan [37] .
Endothelial cell interaction.
Endothelial wound repair is a crucial step to prevent rethrombosis and restenosis of a damaged arterial vessel wall. Besides its anticoagulant and antithrombotic effects, fucoidan can induce angiogenesis in vitro by modulating the proangiogenic properties of heparinbinding growth factors such as fibroblast growth factor-2 (FGF-2). In 1983, Glabe et al described a reversible disruption of cultured endothelial monolayers and found that fucoidin appears to bind at two distinct sites on endothelial monolayers. One site is inhibitable by heparin, while the other site seems to be specific for fucoidin. So these authors suggested that sulphated fucose-containing glycoconjugates may play a role in the adhesive interactions of endothelial cells [38] . The effect of a LMW fucoidan from Ascophyllum nodosum on the growth and migration of human umbilical vein endothelial cells was compared to heparin in the presence of human growth factors. Fucoidan modulated FGF-2 induced cell proliferation, in a way depending on FGF-2 concentration, whereas unfractionated heparin had an inhibitory effect [39] . Then it was described that LMW fucoidan from Ascophyllum nodosum can enhance FGF-2 induced tube formation of endothelial cells through α 6 overexpression that was heparan sulphate dependent [40] [41] [42] .
Other properties of LMW fucoidan from Ascophyllum nodosum could also be of interest against arterial thrombosis, as these molecules are able to enhance vascular tube formation as described above and to inhibit smooth cell proliferation and neointimal hyperplasia. LMW fucoidan and heparin share some similar mechanisms of action, such as smooth muscle cell growth inhibition, binding and internalisation [43] . This fucoidan with high affinity for smooth muscle cells reduced intimal hyperplasia in rabbit iliac artery in-stent restenosis model and may be potentially relevant for the treatment of in-stent restenosis [44] . Moreover, in rat model of critical hindblind ischemia, LMW fucoidan promoted therapeutic revascularization induced by FGF-2. LMW fucoidan promotes FGf-2 effects in vivo, suggesting its potential interest for use in vascular tissue repair and angiogenesis [45] . The inhibition of plateletneutrophil interactions by a HMW heterogeneous fucoidan was showed and this inhibition reduces adhesion and vasoconstriction after acute arterial injury by angioplasty in pigs [46] . In rat cardiac allograft model, the LMW fucoidan from Ascophyllum nodosum appeared very effective to prevent arterial and parenchymal lesions occurring in response to alloimmune injury. However this protective effect does not appear to depend on mobilization of bone marrow-derived cells [47] .
Neoangiogenesis induced by endothelial progenitor cells.
Another effect of fucoidan is the ability to promote progenitor stem cell mobilization via the release of stromal-derived factor-1 (SDF-1) from heparan sulphate sites. This effect was previously described by Sweeney et al for HMW heterogeneous fucoidan and other glycosaminoglycans, such as dextran sulphates and chondroitin sulphate. Sweeney et al also indicated that plasma metalloproteinase MMP-9 significantly increases in response to intravenous injection of HMW fucoidan [48] .
In constrast, LMW fucoidan from Ascophyllum nodosum did not induce an increase in MMP-9 level in vivo [45] . These results suggest that sulphated polysaccharides from the same family may exhibit different properties depending on their molecular weight. Boisson-Vidal et al reported that LMW fucoidan from Ascophyllum nodosum enhances the proangiogenic properties of endothelial progenitor cells and can mobilize bone marrow progenitor cells in peripheral blood, enhancing their recruitment to sites of active angiogenesis and increasing blood vessel formation [49, 50] .
Anti-inflammatory activity.
Like proteoglycans, fucoidan interacts with a wide range of proteins and thus has pleiotropic properties including anti-inflammatory activity [51, 52] . More recently, Cumashi et al studied the biological properties of fucoidans obtained from nine species of brown algae. All fucoidans inhibited leucocyte recruitement in an inflammation model in rats [53] . In 2008, Medeiros et al reported that fucoidan from Lobophora variegata (Phaeophyceae, Dictyotales) inhibits leukocyte migration to the inflammatory site. Ear swelling caused by croton oil was also inhibited when polysaccharides form Fucus vesiculosus and Lobophora variegata were used. The polysaccharides studied may have therapeutic potential in inflammatory disorders [54] .
Rhamnan family and Arabinan family from Chlorophyceae
In Clorophyta the major polysaccharides are polydisperse and highly branched sulphated heteropolysacccharides rich in rhamnose, galactose and arabinose sugars. The marine green algae represent an important biomass that is still little used compared to red and brown algae. And also compared to Rhodophyta, the reports on biological activities and anticoagulant activity of green algal polysaccharides are less abundant. Sulphated polysaccharides from two orders (Uvales and Bryopsidales) were mainly studied for their anticoagulant properties. Polysaccharides from Ulvales are glucuronoxylorhamnans rich in rhamnose, they are sulphated (22 % of ester sulphalte groups) and carboxylated (20 % of uronic acid sugars). The most frequent repeating sequence is D-glucuronosyl 1,4 linked α-L-rhamnosyl-2sulphate 1,3 linked β-D-glucuronic acid with ramifications formed by 1,4 linked D-xylose. In Bryopsidales, the sulphated polysaccharides are xylogalactoarabinans or xyloarabinogalactans, they are rich in arabinose or galactose respectively. The backbone consists of 1,4 linked L-arabinose blocks separated by D-galactose residues. All D-xylose residues and part of galactose residues are in terminal positions and they contain about 17% of ester sulphate groups.
In 1991, Maeda et al [55] compared the anticoagulant properties of different hot water extracts from Ulvales (Monostromataceae and Ulvaceae) and Bryopsidales (Codiaceae, Caulerpaceae and Bryopsidaceae). The yields of crude polysaccharides from dry algae were from 5 to 20 % and the sulphate ester contents from crude polysaccharides were from 5 to 25%. The most sulphated polysaccharides were found in Monostroma nitidum (Ulvales). After purification steps, the sulphated high rhamnose-containing polysaccharide (65% of Lrhamnose, 6 % of D-glucose, 5% of glucuronic acid and 23 % of ester sulphate) was six-fold more anticoagulant than standard heparin measured by in vitro clotting assays.
The others studies reported the anticoagulant properties of sulphated polysaccharides isolated from different species of the genus Codium (Bryopsidales). Jurd described in 1995 [56] the anticoagulant properties of sulphated polysaccharides from Codium fragile ssp. atlanticum. After extraction and different purification steps (size exclusion and ion exchange chromatographies), different product were isolated and studied : a high molecular weight sulphated (18%) proteoglycan and two lower molecular weight sulphated (7 and 10 % of ester sulphate groups , respectively) polysaccharides. The highest anticoagulant activity using in vitro clotting assays (APTT, TT and PT) was found with the proteoglycan. In APTT, the concentrations required to double the control clotting time with proteoglycan, 7% sulphated polysaccharide and 10% sulphated polysaccharide were 4, 30 and 250 µg/mL, respectively. The proteoglycan isolated from Codium fragile ssp. Atlanticum inhibited thrombin and facto Xa through the catalysis of antithrombin III whereas the two polysaccharides inhibited only thrombin via heparin cofactor II catalysis. No direct activity on thrombin and factor Xa was demonstrated. The anticoagulant effect is correlated with the degree of sulphate but also the increase of the molecular weight.
In 1999, Siddhanta [57] isolated from the green marine alga Codium dwarkense Boergs. (Bryopsidales), two sulphated polysaccharides : one arabinan and one arabinogalactan. The very high molecular weight arabinan sulphate (estimated MW was 3 x 10 6 and containing only arabinose sugars and 40 % of ester sulphate groups) exhibited stronger anticoagulant activity than the lower molecular weight arabinogalactan sulphate (estimated MW was 3 x 10 5 and containing arabinose and galactose residues and 32% of ester sulphate groups). The anticoagulant activity is proportional to the arabinose and sulphate contents and inversely proportional to the protein and uronic acid contents, but also probably proportional to the molecular weight. The highly sulphated arabinan is only composed of α-L-arabinofuranose. It prolongs APTT and TT, in APTT the same anticoagulant effect was obtained for the arabinan sulphate and heparin (140.3 units/mg) at 15 and 4µg/ml, respectively.
Recently, Ciancia et al [58] compared two species of the genus Codium (Bryopsidales), the crude extract isolated from Codium vermilara was more sulphated than the one from Codium fragile, 30 and 20 %, of ester sulphate groups, respectively. The two extracts were sulphated arabinogalactans, so the major sugars were galactose (62% from C. fragile and 50% from C. vermilara) and arabinose (23% from C. fragile and 45% from C. vermilara). The molecular weight of the arabinogalactan from C. vermilara was higher than the one from C. fragile (66 x 10 3 and 11 x 10 3 , respectively). The sulphated arabinogalactan from C. vermilara was the most active in clotting assays (in APTT, a same prolongation was observed at 20 µg/ml for the extract from C. vermilara and 100 µg/ml for the other one from C. fragile). As previously described above, the anticoagulant activity is proportional to the arabinose and sulphate contents but probably to the molecular weight.
Heparin-like Entities from Marine Fungi
The reports on sulphated polysaccharides from marine fungi are extremely rare. The main reason is may be because the native polysaccharides are not sulphated. In 2005, Chen et al studied the antiangiogenic activities of polysaccharides isolated from terrestrial medicinal fungi [59] . They are very high molecular weight neutral polysaccharides, the most active are rich in fucose, glucose and mannose; so Chen et al suggested that these monosaccharides may play a role in the inhibitory effect of these fungi on endothelial tube formation. In 2005, a polysaccharide YCP from a marine filamentous fungus Keissleriella sp. YS4108 was chemically sulphated. The YCP sulphate significantly prolonged clotting times (APTT, TT and PT) and the anticoagulant activity improved with the increasing degree of sulphation and decreased molecular weight [60] .
Concluding remarks and future directions
Oligosaccharides showing heparin-like activities have been obtained from polysaccharides produced by marine bacteria. Relationship between the structure and the anticoagulant activities of marine polysaccharides and their derivatives remain to be established in order to fully control the production of therapeutic drugs.
The demand for clean environmentally friendly processes is increasing significantly; biotechnology and in particular "white" biotechnology (which aims to avoid harmful substances by application of using enzymes as catalysts and utilization of renewable raw materials) may propose new processes for sustainable industry. Enzymes are ideal biocatalysts to assist in the synthesis of various compounds by offering catalysis with stereoand regio-selectivity, under mild conditions, in aqueous solutions. The use of an enzymatic step in processes involving sulphation may eliminate the need for solvents and multiple protection and de-protection steps increasing the final yield and lowering the duration. Sulfotransferases able to sulphate these EPS should be of high interest in the aim to produce bioactive derivatives. Marine bacteria producing sulphated polysaccharides would likely be a relevant source of new sulfotransferase enzymes to be active on these molecules. Although chemical synthesis was the major route to obtain structurally defined heparin oligosaccharides, the features of enzymatic methods to get oligosaccharides of biological relevance meet well the needs of better control of targeted modifications and of environmentally safer processing steps.
Furthermore, knowledge of the biosynthesis of EPS would facilitate the development of novel approaches, either by enzymes or by metabolic engineering, to synthesize heparinoids from marine bacterial EPS and to produce new molecules with high specificity for the biological target.
